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Vestibular De cits in Deafness:
Clinical Presentation, Animal
Modeling, and Treatment Solutions
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1 Unit Progressive Sensory Disorders, Pathophysiology andhErapy, Institut Pasteur, Institut de I'Audition, Universitde
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Assistance Publique des Hopitaux de Paris, Robert-Debré Uwersity Hospital, Paris, France

The inner ear is responsible for both hearing and balance. Else functions are dependent
on the correct functioning of mechanosensitive hair cellswhich convert sound- and

motion-induced stimuli into electrical signals conveyeda the brain. During evolution of
the inner ear, the major changes occurred in the hearing orgg whereas the structure
of the vestibular organs remained constant in all vertebras over the same period.
Vestibular de cits are highly prevalent in humans, due to nitiple intersecting causes:
genetics, environmental factors, ototoxic drugs, infectins and aging. Studies of deafness
genes associated with balance de cits and their corresponéhg animal models have
shed light on the development and function of these two sensty systems. Bilateral
vestibular de cits often impair individual postural contl, gaze stabilization, locomotion
and spatial orientation. The resulting dizziness, vertigand/or falls (frequent in elderly
populations) greatly affect patient quality of life. In thabsence of treatment, prosthetic

devices, such as vestibular implants, providing informain about the direction, amplitude

and velocity of body movements, are being developed and havgiven promising results
in animal models and humans. Novel methods and techniques hee led to major progress

in gene therapies targeting the inner ear (gene supplemertian and gene editing), 3D
inner ear organoids and reprograming protocols for generatg hair cell-like cells. These
rapid advances in multiscale approaches covering basic resarch, clinical diagnostics
and therapies are fostering interdisciplinary research tdevelop personalized treatments
for vestibular disorders.

Keywords: balance disorders, vestibulopathy, rare diseas
deafness

es, animal models, pathophysiology and gene therapy,

INTRODUCTION

Our sensory organs mediate and control our responses to theerred and internal

environment, continuously adapting to its various changeBhe human inner ear,

one of the major organs signaling to the central nervous esyst consists of spatially
interconnected uid- lled ducts and chambers housing sixetent neurosensory suborgans
essential for balance and hearingidure ). The resulting labyrinth is one of the most
morphologically elaborate tissues in vertebrates. Itsidate and fascinating organization
and capacity to integrate sensory perceptions from multiple sesir have, over the
centuries, triggered considerable interest leading toeassh across many disciplines,
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A The mammalian ear B The sensory epithelium of a crista ampullaris

type | hair cells

: type Il hair cells cupula
inner ear

inner
outer middle

C The auditory sensory epithelium, organ of Corti

OHCs

The inner ear:

cross-section

AC: anterior crista
of the cochlea

HC: horizontal crista

: »§ ‘
vestibule PC: posterior crista » ) [
(balance) UM | |

uticular macula Cochlea
SM: saccular macula (audition)

FIGURE 1 | Structure and function of the mammalian inner ear, and of therganization of the vestibular and auditory sensory epithi@. (A) The inner ear houses both
the hearing and the balance organs, the cochlea and the vedtule, respectively. The membranous labyrinth of the innerae consists of three semicircular canals, each
ending with an ampulla that form the anterior (AC), horizoat (HC), or posterior (PC) crista, two otolith organs (sacteiand utricle), and the cochlea. The calyx- and
bouton-like afferent innervation of hair cells is presentkin green. (B) Cross section of a crista ampullaris, highlighting the orgazation of the type | and type Il hair
cells. All the crista hair cells have hair bundles displaygrthe same polarity orientation, extending into a gelatincumembrane called the cupula. Details of the macular
sensory regions' organization are shown irFigure 2. (C) Cross section of the organ of Corti, showing the inner (IHC) ahouter (OHCs) hair cells, associated afferent
(green) and efferent (dark purple red) neurons and suppang cells.

including physics, developmental biology, neurosciences ects 15-35% of the general populatiof—(1). In Europe,
behavioral cognition, genetics, organ evolution, molecul vestibular disorders of peripheral origin account for 3% df al
phylogeny, engineering, and clinical and translational ine@.  medical consultations for patients over the age of 50 yeags an
Hearing and balance display tight anatomical and functionahbout 1% of the emergency cases seen at hospita)slg).
links. Both organs originated from a single otic vesicle thaNational questionnaires have estimated that the prevalaice
develops by the invagination of surface ectoderm adjacetiiteo dizziness/vertigo in children (3 years of age to adolesgenc
developing hindbrain 1-5). However, changes in the needs ofranges from 5.3 to 8%1¢, 15. However, these gures are
species in uctuating environments have led to species-speci probably underestimated, as young children tolerate dizgin
tissue and cellular adaptations. The auditory system haayalw better than adolescents and adults. In clinics specializingnén t
been a subject of great interest and the focus of extensdeareh, treatment of pediatric vestibular disorders, the prevalente o
due to its key role in the evolution of language and soundeblas vestibular dysfunction in children referred for dizzindgstigo
communication (, 6). By comparison, at least until recently, ranges from 20 to 36.5%l¢ 17). The prevalence of balance
the vestibular system has received much less attention. Thiysfunction increases with age; about one third of adultsrov
inner ear, which rst emerged about 500 million years agothe age of 65 years su ers from dizziness, resulting in fretue
was initially composed exclusively of a gravitational orjaat  falls (19).
evolved to sense gravity, and then motion and balangelf Over the last 20 years, an increasing awareness of the actual
humans, defects of hearing and/or balance, of peripheral@nd/ importance of the vestibular system has fueled substantiagk w
central origin, may manifest at any age, with varying degreethat has shed light on the multifaceted contributions ofsthi
of severity. Vestibular dysfunction leads to one of the mossystem. The inputs of the vestibular sensory organs extend
common complaints in medicine, dizziness and/or vertigoichh  far beyond the brainstem, reaching many cortical centers in
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the brain. Indeed, vestibular system activity supports nwaesr development or dysfunction in the vestibular and cochlegaors
functions, from gaze stabilization and postural control gl  have all proved essential for unraveling the key mechanisms
level cortical functions involving spatial cognition, inding self-  underlying inner ear developmeng®,(4, 24-26). Studies in sh,
body perception, verticality perception, orientation, natiga, amphibian, chicken, and mouse animal models, either normal
and spatial memoryl(9-22). The vestibular organs also in uence or with defects, have provided considerable insight into the
postural blood pressure regulation, bone density and musclgignals and pathways governing the identity, proliferatiang
composition via speci ¢ vestibulo-sympathetic pathways in thedi erentiation of inner ear cells, and tissue planar polarity.
brainstem and mesencephalon and have been shown to a8pecic details about these various aspects of development are
as a powerful synchronizer of circadian rhythms and playprovided by many excellent recent reviews{29). Remarkable
a substantial role in sleep-wake cyclé3. (Untreated losses progress has been made in our understanding of how di erent
of vestibular function have a major e ect on patient quality morphogens and transcription factors cooperate to establish
of life and a major socioeconomic impact on healthcareanteroposterior and dorsoventral organ patterning, medsk-
systems worldwide. fate commitment into sensory, non-sensory, and neurogenic
Despite the high level of medical need, the managememtomponents, and orchestrate correct cellular remodeling and
of patients with vertigo and dizziness still su ers from a lackassembly during organ morphogenesis. Various genes, imgudi
of diagnostic tools for accurately monitoring balance atsl i di erent factors (e.g., retinoid acids, cyclins), morphogens
e ects on the development and behavior of the individual.(e.g FGF, BMP, Notch, Wit transcription factors and key
In children, the timely detection of vestibular dysfunctio molecules (e.g.Atohl, G 1, proxl Lfng, Sox2,and Ngnl,
is crucial, to provide parents with appropriate counselingNeuroD, Thx1 Gata Lmx, Emx, ShhEyal Six1, Delta-like 1
and for the initiation of appropriate vestibular rehabilitati. Jagged-1 or TIXBnxX) (27, 28 30-34) have been implicated
Biomarkers for the more accurate diagnosis of vestibulain these processes. Neurotrophins (BDNFkB, TrkC, NT3),
disorders and the selection of targeted therapies are neledied chemoattractants (e.g., Ntn1), repellants (slits, semapb@nd
not yet available. The pathophysiological mechanisms ugitgyl ephrins) and their receptors have also been shown to play a
the various vestibular disorders also remain unknown andundamental role in early guidance decisions and the wiring
there are currently no curative solutions. Redundancy anaf the hair-cell circuitry and associated cochlear and ibesir
compensatory mechanisms may operate in cases of vestibuteguronal connections35-38). These factors, operating alone
organ dysfunction, but the magnitude and accuracy of perigpher or in speci c combinations, act in a precise, well-orchestrated
and central multisensory and behavioral substitution psssEs, sequence, at speci ¢ timepoints and positions within the organ,
and of the plasticity mechanisms sustaining the restoratén to facilitate the sequential cell commitment, di erentiaticand
activity remain unclearZ3). tissue integration of each cell type in the appropriate position.
In this review, we address these issues with the aim dfurther studies are required to improve our understanding of
providing an integrative view of the development and functionthe interdependent sequences of the developmental programs
of the vestibular system, taking into account much of therequired to build the intricate subsensory regions, each with
knowledge accumulated to date in animal models and humaa speci c nano-scale microarchitecture adapted to a specic
individuals with and without vestibular disorders. A pregis sensory need.
understanding of organ evolution, development, physiolegg
behavior will pave the way for better diagnostic tools and the . .
precise and accurate de nition and classi cation of vestsu 1€ Functional Anatomy and Physiology of
disorders. Together, these discoveries should help guiierpa the Five Vestibular Subregions in Mammals
management and the search for e ective rehabilitation andrhe inner ear houses the sensory organ for hearing, the
treatment strategies. cochlea, and the organ responsible for balance, the vestibul
(Figures 1A-Q (25, 39-43). The scala media of the three uid-

lled turns of the cochlea houses the auditory sensory epittmaliu
HOW DOES THE INNER EAR VESTIBULAR the organ of Corti Figure 10 (25 39-43). Five subregions

SYSTEM DEVELOP AND FUNCTION? can be distinguished in the mammalian vestibular apparatus:

. . : _three semicircular canals, and two otolithic orgaf$glre 1A)
The inner ear provides a remarkably rich context for studying .,z 39 43 The semicircular canals—three tubular structures

cell fate a_md tlssge 0rganogenesis. Over the Ia§t two de,cgde lled with endolymph—are responsible for dynamic equilibrium,
W?alth O,f |nfor.mat|o.n has b,ee_n obtained concerning how an responding to rotational movements (angular acceleratiorfs) o
otic vesicle gives rise to distinct subsensory regionsanimg o head. The horizontalllateral, posterior, and anteriopsrior
di erent_assemblles of highly specialized hair cells, nesr@nd canals are oriented orthogonally to each other, each cautiri
supporting cells. to the sense of balance in a di erent direction, 25, 43 44).

. . L The two otolith organs, the utricle and saccule, accounstatic
From the Otic Vesicle to Distinct Sensory equilibrium through their response to di erent movements of
Suborgans the head ¢, 25, 43 44). They are both essential to the detection
Gene expression data, lineage tracing, fate-mapping stuatids, of the gravity vector and represent static tilt with respect to
the characterization of animal models that display abnormagravity. The saccule, which is vertically oriented, respotwl
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FIGURE 2 | The vestibular maculae, the hair cells and motion-induced ethano-electrical transduction.(A) lllustration of the morphological and the polarization of
hair cells in the utricular and saccular maculae: the blackreows indicate the orientation of the hair bundles. In the uigle, hair cells are oriented with their stereociliary
bundles pointing toward the line of polarity reversal (LPRn red). In the saccule, the stereociliary bundles point awalyom the LPR. (B-D) Overview of a macular
sensory region(B), type | vestibular hair cells (VHCHC), and the hair bundle(D). (B) The VHCs extend their hair bundles into the overlying otdlic membrane; an
extracellular matrix embedded with otoconia. The kinocilm is colored in cyan. Apart from difference in shape, type Irad type Il hair cells can also differ according to
their innervation. Afferent (green) and efferent (dark ple red) are shown.(B,C) The VHCs are innervated by three types of afferent neuronshe calyx-only class of
neurons makes contacts with type | hair cells, essentiallyithe striola region; dimorphic neurons contact both types bhair cells throughout the sensory epithelium,
forming calyces with type | hair cells and boutons with type Hair cells; bouton-only afferents only contact type Il hairadls located outside of the central striola region.
(D) The basic transduction mechanism is the same in the auditorgnd vestibular hair cells: a mechanical stimulus bends thetsreociliary bundle toward the kinocilium
(arti cially colored in cyan). The bundle de ection stretche the tip-link, causing an in ux of K and Ca? ions into the transducing stereocilia. The ensuing changai
cell membrane receptor potential leads to glutamate releas generating electrical signals in afferent neurons (green B,C) forming the VIlith cranial nerve.

linear accelerations in the vertical plane, whereas thecletri oriented in the same direction. When the head turns in the glan
which lies horizontally, detects lateral displacemefigire 2A).  of one of the semicircular canals, the endolymph in the canal
The mechanosensitive hair cells are located in the cristalso moves, exerting a force across the cupula. This leads to a
ampullaris of the semicircular canal§igures 1A,B, and the deformation of the cupula that is transmitted to the hair bues
maculae of the utricle and sacculedures 2A,B (4, 25,43 44).  of the crista, which are displaced, triggering hair-cell stiation.
Both organs have type | and type Il hair cells, but the otolitmcl In the maculae of the utricle and saccule, an axis of
canal organs have a speci c organizatigi-{48). The stereocilia mirror symmetry in the central region, the striola, divides
of crista hair cells are embedded in a glycoprotein-richtjgdas  the organ into two subsets of hair cells with hair bundles
mass, the cupula, that spans the width of the ampulla, therebyf opposite polarizations4( 25 43 44). The stereocilia of
acting as a barrier to endolymph circulatiofigure 1B). The the macular hair cells are included in a gelatinous layer,
stereocilia of all the hair bundles within the same crista arthe otolithic membrane, covered by a layer of calcium
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crystals called the otoconigFiure 2A). Linear accelerations EVOLUTIONARY CHANGES IN THE INNER
produce a direct displacement of the otoconia and underlyinE AR: STRUCTURE-FUNCTION
structures. The otoconia are much heavier than the undeglyi CORRELATIONS AND CONSEQUENCES

structures, and this dierence in mass causes the otolithic
membrane to lag behind the maculae, thereby setting uBalance and Hearing During Evolution
responses to changes in velocity (acceleration) rather thahhe capacity of the inner ear to detect various stimuli in diegit
velocity itself. This shift between the otoconia and thessen  environments has led to studies tracing the precise evolatipn
epithelium results in the de ection of the hair bundles origins of its compartments. Comparative anatomy studiegtias
embedded in the gelatinous layer, triggering hair-cethsiation  on fossil records, and cross-species studies, have provided a
(Figure 2D). wealth of information about the role of convergent evolutim

All these hair cells have a mechanosensitive organellégine creating analogous ears adapted to speci ¢ needs in distantly-
bundle, at their apical surface [se€9(50)]. This organelle is related taxa %6, 29, 60, 61). Recent reviews have provided
the key to our ability to perceive sound and maintain balanceletailed information about the development of the inner ear
(41, 42, 51, 52). Each hair bundle consists of 50-300 F-actin-and changes during its evolution, and about the independent
lled stereocilia, arranged in a highly organized staiegsttern  evolution of mechanosensitive cells to accommodate mechani
(Figure 2D). A special subset of interstereociliary links, the tip-sensesd6, 29, 60, 61). Focusing on vertebrates, we highlight here
links, connect the tip of each stereocilium to its adjacexlliest  some major changes pertaining to the hearing and balancensrga
stereocilium and are present in all speci8)( These links are of the inner ear Figure 3). Initially, at the start of its evolution,
essential for the mechano-electrical transduction (MET)ga®s  the inner ear consisted exclusively of vestibular epith@lia29,
(54-56). The mechanical and geometric characteristics of th€0). The fossils of the earliest jawed shes, dating from more
hair bundles dier between vestibular hair cells (VHCs), butthan 450 million years ago, show that these animals had inner
their morphological and functioning polarity are similar ifla ears consisting of three semicircular canals and the uaicu
vertebrate hair cells. Following hair-bundle de ection (fip® and saccular organs—an organization that persists in their
direction, toward the tallest row), the increase in tip-liténsion  descendants, including sharks, bony sh, amphibians, reptiles
causes the MET channel, located at the tip of the stereocilimammals, and birds2g, 29, 60, 61). The cellular organization
in all but the tallest rows of the hair bundle, to oper1( of the neurosensory epithelium is similar in all vestibulagans,
42, 51, 52, 57). This opening of the MET channels results in with highly specialized hair cells surrounded by supportings;ell
an inward current, sustained principally by“K but also by and overlaid by an acellular gelatinous membraReg(re 2B,
C&C ions, causing membrane depolarization and regulatingnammalian maculae). Fish (which account for half of all lyyin
the probability of the MET channels opening4 55. In  animals) have no dedicated auditory epithelium. They userthei
VHCs, it ultimately leads to the opening of the voltage-gatedestibular sensory organs (the saccular maculae in mosbgel
calcium channels at the basolateral membrane. The ensuinghes) to perceive acoustic signal6( 29, 60, 61). An organ
C&C inux triggers the fusion of synaptic vesicles to the exclusively dedicated to hearing, the basilar papilla, rseeged
plasma membrane, the release of glutamate and, nally, thia amphibians about 380 million years ago, when vertebrates
transmission of a signal to the brain, providing informatiahout  moved from an aquatic to a terrestrial environmefiigure 3
motion of the head and its orientation with respect to gravity (26, 29, 60, 61). The hearing organ subsequently increased in size,
(Figures 2C,D (59). leading to improvements in the resolution of sound frequesci

Like the cochlea, the vestibule displays a high degrefer given ranges of species-speci ¢ perceived frequenzieg9,
of architectural organization in all its compartments and60,61). The spiral shape of the cochlea evolved later in mammals,
subregions, with multiple parameters, including dimensionabout 120 million years ago, just before the therians spli the
volume, liquid composition, radius of the canal, and vestiiows.  marsupial and placental lineagésdure 3).
cochlear chambers, constructed to facilitate optimal respsrio During these evolutionary transitions, pre-existing and new
species-speci ¢ directional (gravity and motion displacensgnt cells and structures appeared and evolved within the inner ear
and acoustic (frequency range) featuresd, (44, 59. The or became associated with it, thereby creating new seftings
construction of this diversity involves strict developmaint or further optimizing existing specializations. These majowne
programs that are nely tuned in time and space, and necessamdditions included the appearance of the tympanal middle ear,
for adaptation to the specic needs of aquatic, terrestriatlan the basilar and tectorial acellular membranes in the coghlea
aerial speciesl{5). Cross-species comparative morphologicathe increasing specialization of the supporting cells, hair cells
and molecular analyses of neurosensory epithelia fromulista and the associated innervation, and continual changes & th
related species may provide a wealth of information, highiiigh  geometry and composition of the hair bundles. In additionhet
essential organ and cell similarities and di erences shegldi emergence of two types of hair cell in the vestibular apparatus,
light on the development and functioning of the inner one crucial event was the appearance of the outer hair cellgin th
ear suborgans. cochlea, a type of electromotile hair cells found only in mansnal
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FIGURE 3 | Evolution of the inner ear in vertebrates. The global orgazition of the ve vestibular end organs (utricle, saccule, ahthe three semicircular canals) has
changed very little from sh to current mammals. A sense orgamledicated exclusively to hearing, the papilla, appeared fahe rst time in amphibians, and then
progressively elongates in reptile and birds, and form a sgil in modern mammals.

Differences in the Distribution, Structure in (29]. The regional distribution of both cell types varies

and Function of the Vestibular Hair Cells between species; but type | cells are generally most abundant at
In the cochlea, hearing depends on 12,000-15,500 hair celle apex/center of the cristae ampullaris and in the centradlst
divided in two types: the outer hair cells (OHCs; 9,000-12,00region of the maculaei(7, 63, 64). Each of the sensory cell types
cells organized into three rows), which amplify sound stimuli is characterized by di erent anatomical features at the imicr
and the inner hair cells (IHCs; a single row of 3,000-3,508)ce and nano-scales, and these features are associated witiofual

the genuine sensory cells responsible for transmitting mgns outcomes in terms of speci ¢ mechanical properties, and reaepto
information to the central nervous system. The vestibubarsory ~ sensitivities 47, 62, 64-67). The seminal studies performed by
epithelia in mammals also contain two types of hair cells—Lewis Tilney over the course of a decade on hair bundles in
type | and type Il—with di erent morphological, molecular, the hearing organ of chickens described the precise sequientia
electrophysiological and synaptic featuregy(res 1, 2) (45 47,  steps in hair bundle formation and maturation. According to
62, 69). As in the cochlea, the hair cells and adjacent supportingheir position in the chicken basilar papilla, the hair bundles
cells are sealed together by tight adherens junctions, tmaing  have a speci ¢ number of stereocilia, with speci ¢ length, thid

a clear separation between the endolymph bathing the apex of tiaad arrangements6g-71). However, few studies to date have
cells, and the perilymph, in which the cell bodies are immerseciddressed the precise architecture of vestibular hair s
Type |l hair cells are thought to have evolved rst; they occurvestibular organs and their variations, or the variationtbé

in all vertebrate vestibular epithelia, whereas type | hdisgge position of these hair bundles in a given suborgan. Seveoaigr
found only in amniotes (reptiles, birds, and mammals) [revéelwv have shown that the hair bundles of type | hair cells are wider
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than those of type Il hair cells, with taller stereocilia,aarged for yet unknown reasons, the mature mammalian hearing organ
to form a steeper bundle slopé4, 62, 72, 73). This architecture displays an almost total loss of regenerative capacity. There i
may translate into type | bundle responses displaying a phas®mmpelling evidence for the existence of a regenerative goces
advance relative to those of type Il hair cells. Studies of thi the adult organ of Corti for the production of new, healthy,
utricular macula have shown some di erences between the hamature, functional hair cells. Nonetheless, several stuubes
bundles of type I hair cells in the striola and those in thedate reported that mammalian ears may harbor some reserve stem cell
or medial extrastriolar regions4g¢, 62, 72). In particular, the populations §9), although this “stemness potential” is limited in
striolar hair bundles in vertebrate otoconial organs areest  both time and space. A subset of supporting cells that can develop
which may improve the signaling of high head accelerations odinto new hair cells has been identi ed, mostly in young anlsa
high-frequency components of head movemerit§ 72). before the onset of hearin@(, 59. In adult mammals, some
Type | and type Il hair cells also display dierences investibular type Il hair cells also still have preserved regdivera
innervation. The vestibular a erent neurons form three gpsu  abilities. After near complete elimination of all hair cells in
on the basis of terminal structure: bouton, pure calycealf§c diphtheria toxin receptdiDTR) mice exposed to dyptheria toxin,
like” calretinin-positive terminals), and dimorphic (termating up to 40% of the type Il hair cell population is regenerated,
in both calyceal and bouton endingsfi@ures 2B,3. The through regional trans-di erentiation of supporting cell$().
calyceal aerent terminals surround the basolateral siefaté Recent ndings further support this regional segregation afha
one or more “pear-shaped” type | hair cells. Type Il cells haveell precursors with various hair-cell regeneration capesit
a cylindrical body and connect to multiple aerent bouton Regenerated hair cells derived from Plpbupporting cells
synapsesHigures 2B,Q. Both types of hair cells also receive(from the extrastriolar/peripheral region) display type Il hair
cholinergic e erent innervation, directly to the soma of tyfle  cell properties. Lg% supporting cells in the striolar region may
cells [shown in frog (4)] and via the a erent terminals for both have either type | or Il hair-cell propertieS?). However, whilst
type | and type Il cellsKigures 2B,G (46, 62, 66). Type Il hair  postnatally generated and regenerated hair cells acquireyman
cells also have thinner and fewer stereocilia per hair buftie  somatic properties (e.g., morphology, hair-cell subtype nrarke
62). The type | hair cells have a relatively hyperpolarized rgstinsynaptic markers, nerve terminals, and basolateral corsohoet),
membrane potential, 80 mV, dominated by a large, slowly the structural and functional MET properties of the hair bundle
activating K current (I, ). Their primary current is a large remain immature 82). Further studies are required to overcome
non-activating K delayed inward recti er, which allows these these aberrant or incomplete maturation programs, why type |
cells to produce rapid voltage responses and signal trangmissihair cells have less or no preserved regenerative abiléies,
(66). Type Il hair cells have a more depolarized membrangéo conrm the stability over time and functional activity of
potential and a smaller activation rangé7( 66, 67). We still  regenerated cells and the absence of late degenerativespesce
have much to learn about how calyceal synapses evolved, but cafter regeneration.
of the driving forces behind their evolution exclusively it Major e orts are underway to unravel the intricacies of hair-
the vestibular system may be the need for faster re exes in eell regeneration in older mammals, through transcriptiector
terrestrial environmentZ9, 47, 75). Further investigations of the supplementation to reprogram non-sensory inner ear cells to
relationships between synaptic features, and the geometdc adevelop into hair cells in particular3(, 34). Regeneration is a
mechanical properties of the hair bundles are required, talshetightly regulated, multistep process with high energy dedsan
light on both phylogenic aspects of evolution and morphometricCell de-di erentiation and activation of new di erentiation
sets for functional outcomes. cycle pathways trigger major changes in tissue organizatien
remodeling of established cell-cell junctions, and a rest@pin
. of proliferating or newly converted cell types. Cross-species
Structural and Molecular Evolutionary comparisons of the mammalian ear and the regeneration-
Changes and Hair-Cell Regeneration competent ears from non-mammals have highlighted inverse
As described above, changes in major cellular processesirproteorrelations of the ability of the inner ear organ to regeater
pro les, and interacting regulatory pathways in the hair sell with organ complexity and the degree of structural and cellular
and adjacent cells have been necessary to accommodate Hpecialization. The intricate organization of the mammalia
perception of increasingly high frequencies. One of the majohearing organ, with highly specialized hair cells, neurons and
consequences of these adaptive morphological and moleculsupporting cells, is unmatched in the animal kingdom. Studies
changes was a loss of the ability of hair cells to regeneréje ( of vestibular organs have also revealed a massive thickehing
Interestingly, the ears of sharks, bony sh, amphibians,itept the circumferential F-actin belts supporting cell-cell juincis
and birds continue to produce hair cells throughout the lifélee  in mouse and human vestibular neurosensory epitheia—(
animal (77). New hair cells are produced continually as the hair-85). This cytoskeletal reinforcement, which occupies almost
cell populations turn over, as in sh inner ears, or through the90% of the cell at the intercellular junction, is further
spontaneous replacement of damaged hair cells, as in chickestrengthened by high levels of adhesion proteins in adult
In the avian cochlea, many mature supporting cells retainenat mammals, as shown for the E-cadherin and P120 catenin
capacity to de-di erentiate. Upon hair cell damage or deathproteins 81, 82). Conversely, similar studies in ve classes
these supporting cells re-enter the cell cycle and di erestim of non-mammals revealed a lack of junction reinforcement,
produce new hair cells or supporting cell88( 79). However, with the actin belts in the utricular supporting cells remaigin
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thin, from hatching through adulthood. Cadherin levels ator if it occurs in young children, as they tolerate dizziness
supporting cell junctions remain low (or absent) throughout better than adolescents and adults. For this reason, sysitema
life in sh, frogs, turtles, and chickens, consistent withet vestibular testing should always be proposed if hearing loss i
preserved capacity for regeneration in these specis ( diagnosed. Complete vestibular assessment is easy to perform
85). in clinical practice (even in young children under the age
Further studies of the regeneration-competent ears of nonef 1 year) and includes an evaluation of canal function and
mammals, and comparisons between mammalian ears widltolithic function.
probably help to identify potential permissive and limiting We briey review here the dierent exploratory tests for
factors for hair-cell regeneration. These e orts shouldoals vestibular function, and the vestibular dysfunctions abse in
address the issue of whether the re-activation of a lostome forms of hearing loss.
signal in an already established and highly stabilized meatu
tissue, as in mammals, is feasible without potential latd/estibular Exploratory Tests
degenerative processes triggering deleterious conseggienCurrent clinical tests of vestibular function do not dirgct
over time. With the advent of single-cell transcriptomicsassess inner ear function. Instead, they evaluate the nabmo
(scRNA-seq), evidence has been obtained for cell heterdgeneoutput of the eyes or balance control systeffivemain sets of
within the vestibular subcompartments4§ 86, 87). There measurements are routinely recorded in clinics to evaluhee t
are probably spatially dierent supporting cell types with function of the vestibular organs and to determine the patter
dierent types of regenerative behavior. Careful attentionspeci cities of vestibular disorders: c-VEMP, o-VEMP, caloric
should also be paid to the organization of the whole organtests, rotatory chair test and head impulse tests (HIT&)—(
and the crucial need to re-establish close correlations an#éld). cVEMP is recorded for the sternocleidomastoid muscle
connections between hair cells, neurons, and neighboringSCM). This potential is a manifestation of the vestibulospinal
supporting cells. re ex and saccular function. oVEMP is recorded for the extra-
ocular muscles and is a manifestation of the VOR and utricula

function. Canal function can be evaluated at 3 head vekxitit
VESTIBULAR DISORDERS ASSOCIATED low frequency with bithermal caloric test (0.003 Hz); at ol

WITH HEARING LOSS: DIVERSITY OF frequency with rotatory tests (0.01-0.5 Hz) and at high frexacy
CAUSES/ORIGINS, AND CLINICAL with the head impulse test (5-6 Hz). In the caloric test, warm
PRESENTATIONS and cooled water or air in the ear canal is used to stimulate

the horizontal semicircular canal, causing nystagmus, which

Like hearing loss 49, 88), vestibular disorders may have can be monitored by video tracking. The use of a rotatory
multiple causes, including genetics, aging, drugs, immumé a chair with monitoring of the eye movement allows for the
environmental factors (e.g., infections, noise exposus®@) The evaluation of the horizontal semicircular canal functiamaddle
prevalence of vestibularimpairmentis highin children andissi  frequency. When tilting the axis of the chair rotation with
with sensorineural hearing loss (SNHL), between 20 and 20 ( respect to the gravitational axis, the otolith function can be
91). It has been shown that 50% of children eligible for cochleatested (OVAR- 0 axis vertical testing). Head impulse testaam
implantation have some sort of vestibular dysfunction, wiih  be used to test the function of all three semicircular carzls
to 20% presenting complete bilateral vestibular impairméaj.(  high frequency.
Despite the frequent association of vestibular dysfunctiatin Compensatory mechanisms often occur in the central nervous
hearing loss, it remains extremely di cult to predict the tyme  system, with the re-adjustment of neural circuits and cente
severity of impairment from the characteristics of hearingd to overcome decreased input from the peripheral vestibular
(92). However, the etiology of the hearing loss seems to plagystem. Vestibular assessments are not often included in
a role, and abnormal vestibular responses are more frequenttoutine phenotyping in clinics. Vestibular impairments presen
found in speci c types of hearing losEigure 4, Supplementary at birth, and moderate or progressive de cits may therefore
Table S). be overlooked or undetectable due to the indirect nature

A multitude of clinical signs, such as spontaneousof the information collected on questionnaires or through
nystagmus, whirling vertigo, delayed postural and motorbehavioral observations. It is important to note that even if
development, recurrent unexplained falling, poor balanceompensatory mechanisms frequently occur, in particular by
on uneven ground or in situations of limited vision and using vision and proprioception inputs, not all compensation
oscillopsia (blurring of the vision with head movement) strategies are adequate and in case of complete vestibular
are indicative of vestibular involvement and should leadoss some functions can never be entirely compensated
to a detailed evaluation of vestibular function. In case ofe.g., gaze stabilization during movement). Moreover, all
oscillopsia or delayed postural and motor development bildter compensation mechanisms come with a cost in terms of attention
vestibular loss should always be eliminated. However, sonand fatigue.
of these clinical signs (e.g., whirling vertigo, spontarssou Animal models provide opportunities to obtain additional,
nystagmus) may go unnoticed or be absent if both innemore detailed information about vestibular functions, even
ears are damaged simultaneously (as in cases of systenmicthe absence of overt balance de cit85(98). Behavioral
exposure to a vestibular toxin), if the damage is congenitakests in animals include the monitoring of behaviors sugges
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FIGURE 4 | Functional strati cation of genes/proteins causing isolatd deafness hearing loss, combined with vestibular de cits. @ly human genes responsible for
non-syndromic deafness, and for which vestibular de cits hae been reported based on clinical ndings in affected patiets (cf. OMIM numbers); and established role
and characterization of corresponding animal models, aref®wn. These can be grouped into several functional categaes: (1) hair bundle development and
functioning, (2) synaptic transmission, (3) hair cell's &ésion and maintenance, (4) cochlea ion homeostasis, (5y@msmembrane or secreted proteins and extracellular
matrix, (6) oxidative stress, metabolism and mitochondrialefects, and (7) transcriptional regulation. DFNAI (redenotes autosomal-dominant forms of deafness with
unde ned locus number. The genes/loci in gray denote that theyshare several functional categories. Similar strati catiohas been observed for deafness genes49).
Red asterisks indicate those included based on the presencef unambiguous vestibular de cits only in mouse models. Moreletailed information regarding the
deafness causative genes is provided irBupplementary Table S1 .

of balance problems (e.g., head bobbing, wobbling, circlingesponse to o -vertical axis head rotation, OVAR). These
behavior, spatial misorientation, reaching and air-rigigti eye movement recordings also re ect the input, integration
re exes, gait, swimming tests, beam-crossing, platform oand output components of nervous system function. Direct
rotarod assays)9Q). The recording of eye movements, suchmeasurements of peripheral vestibular function through siva

as the angular VOR (aVOR) and optokinetic response (OKR)ests can be performed on animals. For example, vestibular
have also been used to provide a more complete analysiempound action potentials (also known as vestibular evoked
of peripheral vestibular function 100 101). If the OKR potentials, VSEP) can be recorded from individual neural
is preserved, the VOR decits detected can be used telements in animals. They re ect the direct activity of the
infer a peripheral abnormality, such as semicircular canabestibular nerve and central relays in response to lineadhea
function (vestibular aerent response to earth-vertical saxi acceleration 102. Their measurement provides comparative
head rotation, EVAR) or otolithic function (vestibular a ené  values of response thresholds, peak latencies, and peakito-pea
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amplitudes, and more precise indications of the sensitivity oNoise-Induced Hearing Loss
the gravity receptor end organs, the utricle and the sacculéestibular responses can be elicited by sound stimulatiod,ia
(102 103. Based on these animal research, the developmerg known that the otolith organs are the most sound-sensitive
of similar electrophysiological measurement of peripheralhere is increasing evidence that excessive noise can induce
vestibular function has been initiated in human$0§). Such vestibular de ciency by damaging the VHC hair bundle and/or
extensive, in-depth research on animal models is essential the vestibulo-spinal, VOR pathwayl13 114, the observed
improve our understanding of the correlation between vadib  hearing threshold being related to VEMP responsiEsy), Two
symptoms and disease etiology and to facilitate the accurateechanisms are involved in the destruction of the end organs
evaluation of treatment strategies for protecting or restgr by noise: direct mechanical injury and metabolic damage to
vestibular function §5-98, 105. the organ of Corti leading to the degeneration of sensory
elements. Nevertheless, clinical studies have reportedwa lo
incidence of clinical signs of vestibular malfunction in jeats

Sources of Hearing and Balance De cits with noise-induced hearing loss (NIHL), probably because
Viral Infection of the redundancy of the vestibular peripheral system and

Congenital cytomegalovirus (CMV) infection is the main non- compensatory mechanism$14. However, these compensatory

genetic cause of SNHL, implicated in 8% of cases of hearisg Iorglechtz;:nlsr:s mt;iy Weakgn with .agllng and Vesnb.tﬂar dysfum?:?_
of any degree of severity. (9. It is estimated to be responsible may theretore become Increasingly common with age in

for 20% of cases of hearing loss of unknown origin. VestibulaIoatlents (19

dysfunction is particularly frequent in patients with congjeh

CMV infection. A French retrospective study of auditory and

vestibular assessments on 52 children with congenital CMWging

infection (107 showed that more than 90% of children with Presbycusis (age-related hearing loss) and presbystasis
CMV-related hearing loss had a vestibular impairment and tha{age-related changes in the vestibular organ) are becoming
a third of these children had a complete and bilateral loss aifcreasingly frequent, particularly in developed countridsg
vestibular function (vestibular are exia). However, naation  to increasing life expectancy. These two systems may age at
was found between the severity of hearing loss and that afi erent rates in the same individual 1(16, but presbycusis
vestibular dysfunction. The pathogenetic hypothesis, @eriv and presbystasis have a number of mechanisms in common,
from fetal and animal data, concerns the potassium regufatioincluding a dysfunction of inner ear components (e.g., haits
structures of the endolymphatic sector of the inner e&0: the  ganglion neurons, vascular cells) and age-related changes in
cochlear stria vascularis and vestibular dark cells, botwhoch  the central nervous system 17, 119. It was suggested several
are prime targets of CMV. Endolymphatic potential is essentiayears ago that presbycusis and presbystasis have a genetjc basi
for auditory sensory cell depolarization; lesions of thehtear and genes potentially involved in the pathophysiology of both
stria vascularis and vestibular dark cells may impair potessi conditions have been identi edi(L9).

recycling, thereby decreasing endolymphatic potentied9.
Paradoxically, hair cells seem to be spared by viral infectio
Hearing loss and vestibular disorders may therefore be due
a deregulation of potassium ow, with progressive decrease
endolymphatic potential explaining a delayed onset of hearin
loss or a uctuation of hearing loss with time.

NHL is the most common audiovestibular symptom associated

ith systemic autoimmune diseases, followed by tinnitus and
vertigo (L19. The pathophysiology of inner ear involvement in
autoimmune diseases remains unclear and may be related to
Bacterial Infection circulating antibodies against several inner ear antigprimary
Hearing loss is the most common complication of bacteriautoimmune inner ear diseases) or immune complex-mediated
meningitis, aecting more than 50% of survivors of damage (inner ear involvement in systemic autoimmune
pneumococcal meningitis 1(L0. Meningitis can also cause diseases)120. Immune complex deposition seems to be the
a loss of vestibular system function, potentially via the eammajor factor involved in cochlear and vestibular damage in
pathophysiological mechanisms, which are assumed to invohsystemic autoimmune diseases. The deposition of immune
bacterial invasion of the inner ear followed by in ammatory complexes reduces the caliber of the auditory arteries, hgetoi
in Itration. Vestibular dysfunction is frequently assated with  a decrease in blood ow, inducing an oxygen de cit and ingea
bacterial meningitis and can be severe, with up to 14% of pitie in the levels of reactive oxygen species responsible for damag
developing vestibular are exia in one or both eadl,(111). to hair cells and spiral gangliori21). The vestibular symptoms
In a population of patients with bilateral vestibulopathy, theobserved in systemic autoimmune diseases may be isolated, or
etiology was reported to be meningitis in 5% of cases)( A part of a spectrum, as in Meniere's disease. However, many
loss of vestibular function due to bacterial meningitis ioupg  patients have asymptomatic vestibular involvement reqgirin
children may delay posturomotor development if meningitisan objective vestibular assessment. Treatment may be based
occurs before the child begins to walk independently, eveghén on systemic steroids, antimetabolites, such as methoeexat
absence of neurological impairmeratj. intratympanic steroid treatment in some cases.

t .
guto—lmmune Disorders
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Ototoxic Drugs vestibular function. However, as mentioned above, tools fo

Drugs toxic to the vestibule are frequently used, especialhe clinical assessment of vestibular function are aviglab

in patients with serious infections or life-threatening tons  and can provide a considerable amount of information about

(122 123, see alsa. Vestibulotoxicity can aect hair cells peripheral vestibular defects in patients with hearing loss.

in the utricle, saccule, or semicircular canals, leading tédditional studies are required, focusing on determinirfiet

diverse vestibular de cifs The risk of developing a vestibular real spectrum of vestibular dysfunction in hearing loss putie

de cit depends principally on the dose and properties ofVestibular testing should be included as an integral partlbf a

the toxic drug, probably modulated by genetic predispositionhearing loss evaluations. Some e orts have been made in this

Some of the drugs that damage the vestibule also harmlirection. For example, Belgium has implemented a vestibular

the cochlea and, therefore, also cause hearing loss and/defect screening test for children with hearing impairment

tinnitus, but others have toxic e ects speci c to the vestibul (129 and the French Society for Otorhinolaryngology (SFORL)

system, and vestibular dysfunction may be more dicult recommends a vestibular assessment for all children uruiiegg

to diagnose. The main substances responsible for signi cardochlearimplantation in its latest guidelines on pediatoclalear

vestibular toxicity are antibiotics, particularly aminggbsides, implantation (130).

and chemotherapy agents, such as cisplatin. Aminoglycqgsides

especially streptomycin, neomycin and gentamicin, are thetmo

toxic drugs to the inner ear and their vestibulotoxicity ige@ DETAILED MECHANISMS OF VESTIBULAR

greater than their toxicity to the cochlea. For the vestioul FUNCTION: INSIGHT FROM

system, there is no safe dose of gentamicin and no safe seryy§NIMAL MODELS

gentamicin concentrationl(24). The use of aminoglycosides can

result in a dramatic loss of VHC<.23. At the subcellular level, Our knowledge of the development and function of the vestipul

these drugs induce changes including the hydropic and vacuol sensory system owes much to experimental approaches with

degeneration of VHCsI(25. various vertebrate species. Standard clinical applicatiortd) su
Cisplatin is a widely used anticancer agent with toxicas the testing of VOR by head impulses or the quanti cation of

e ects on the sensory epithelia in the vestibular and cochleaotolith function by VEMP, are based on evidence gained from

systems. It has been reported not only to induce a markedxperiments in various animal model97. Insight into the

decrease in hair cell density in the utricle, saccule, angathogenic mechanisms at the origin of hearing loss, sonmestim

ampullae, but also to result in an abnormal morphology andassociated with vestibular dysfunctions, has also beenreutai

disorganization of the VHCs and their stereocilia bundlesthrough the study of animal models of genetic de cits ungary

(129. Other substances, such as organic solvents, have toxeafness in humans9§ 96, 131, 132). About 140 genes

e ects on the parts of the brain responsible for processingesponsible for non-syndromic forms of deafness in humans

balance information, rather than on the vestibular systemand about 200 genes responsible for syndromic forms (defects

itself (127). of the inner ear and other organs, including in mice) have
been reported 133. Mouse models exist for most of these
Hereditary Hearing Loss human genes. A high degree of conservation of anatomical and

By performing a literature survey, including studies of thefunctional organization has been reported between rodents a
available mutant mice, along with the HHH Hereditary Heagin humans @5-98). As a result, the available mutant mice, most of
Loss database [https://hereditaryhearingloss.argd{ and the  which also display vestibular de citsTgble 1, Supplementary
OMIM (Online Mendelian Inheritance in Man; https://www. Table S}, have provided valuable information about the key
omim.org/) database, we dened a list of genes for whichpathways leading to vestibular dysfunction. In studies @aor
defects lead to vestibular dysfunctidfigure 4 Supplementary patterning or MET, the use of more distantly related animal
Table S). DFNA, DFNB, and DFNXdenote isolated forms of models, such as zebrashDrosophila or C. elegans has
human deafness with autosomal dominant (DFNA), recessivacilitated the identi cation of key conserved core biolagic
(DFNB) or X-linked (DFNX) transmission 129. Vestibular features and highlighted species-specic featuré§, (153-
dysfunction can be suspected in 30% of the listed nonl57.
syndromic forms of SNHL $upplementary Table S)L In fact, Side-by-side comparisons in animal models have yielded
the prevalence of associated vestibular dysfunction seerhe t major insight into the molecular, cellular and physiological
higher for syndromic hearing lossS¢pplementary Table Si  underpinnings of human deafness and vestibulopattiiegure 4
Indeed, the prevalence of vestibular dysfunction is probablglepicts some of the causal pathways involved in vestibular
underestimated because many studies fail to detect sudlysfunction, based on studies in animal models defective fo
dysfunctions due to their focus on other sensory modalitiegenes associated with deafness in humans. As reported for
or the inherent diculty of objective direct assessments ofhearing (9, the causal genes for vestibular dysfunction can
be grouped into several categories a ecting: (1) hair bundle
T : L i , development and functioning, (2) synaptic transmission &y
Available online at: https://balanceanddizziness.org/diss/@lestibular- . . . .
disorders/vestibular-toxicity/. cell adhesion and maintenance, (4) gochlea ion homeostasis,
2pvailable online at: https://dizziness-and-balance.com/diestbilatiototoxins. () transmembrane or secreted proteins and the extracellular
html. matrix, (6) oxidative stress, metabolism, and mitochondrial
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TABLE 1 | Gene therapies in animal models with vestibular de cits.

Protein gene name Animal model Delivery Vector/treatment & therapy outcomes in vestibular References
deafness locus or route (age at delivery) end-organs
disorder
Harmonin USH1C DFNB18 Ushlc ¢.216G> A knockin ASO-29 (134)
216AA mice IP injection (P3, - Correctly spliced Ushlc mRNA and increased harmonin
P5, P10, P13, P15 and protein expression.
adult) - Rescued balance behavior (open eld*, circling*, swimming
trunk-curl* contact-righting*) after injections before B5.
- Oldest testing point: 9 months.
Ushlc ¢.216G> A knockin ASO-29 (135)
mice IP injection (P3, P4, - Normal balance behavior (circling*, swimming*) and vesbtilar
P5, P15, P1/3/5/7) function (VSEP*) after neonatal injections.Oldest testing point:
P30.
Ushlc ¢.216G> A knockin ASO-29 (136)
mice IP injection (P5) - Improved spatial orientation (exploratory movements).
- Oldest testing point: 6 months.
Ushic c.216G> A KIRWM ASO-29 137)
injection (P1) PSCC - Restored vestibular function (rotational VOR, irregula&fAR)
injection (P1) Topical TM after PSCC injection.
application (P5) Trans-TM - Improved balance behavior (circling*) after topical-TM,\RM
injection (P10 and P20) and trans-TM delivery.- Oldest testing point: 2 years.
Ushlc ¢.216G> A knockin ASO-29 (138)
mice Intra-otic injection - Rescued balance behavior (open- eld*, circling*, rotarot]
(E12.5) swimming*, reaching re ex*).
- Oldest testing point: 6 months.
Ushlc ¢.216G> A knockin AAV2/1-CMV > dtTomato::harmonin-al 139)
mice RWM injection (PO-P1 AAV2/1-CMV > EGFP::harmonin-b1
and P10-12) AAV2/Anc80L65-CMV >harmonin-al
AAV2/Anc80L65-CMV >harmonin-b1
- EGFP::harmonin-b1 detected at the tip of VHC stereocilia.
- Rescued balance behavior (rotarod, open eld*, circling*pnly
after neonatal delivery of exogenous harmonin-al and/or b1.
- Oldest testing point: P42.
KCNEL1 Jervell and Kcnel = mice AAV1-CB7>Kcne (140)
Lange-Nielsen syndrome (129-Kcne1™1shy/3) pscc - Preserved morphologies of VHC ciliary bundles.
type 2 (JNLS2) injection (PO-P2) - Improved balance behavior (head and gait stability, circlg*,
rotarod*, swimming, birth and litter survival rates).
- No hearing preservation without vestibular improvement.
- Oldest testing point: 6 months.
LHFPL5 DFNB66/67 Lhfpl5 = mice RWM Exo0-AAV1-CBA > HA-Lhfpl5 (141)
injection (P1-P2) Exo0-AAV1-CBA > HA-Lhfpl5-IRES-GFP
Cochleostomy (P0-P1) - Vector diffusion in vestibular sensory epithelia.
- Improved balance behavior (head tossing, circling).
- Oldest testing point: P42.
Pendrin SLC26A4 DFNB4 SIc26a4 = and rAAV2/1-CMV > Slc26a4-turboGFP (142)
and Pendred syndrome Slc26a4miPontuh=m1bontuh - Prevention of the membranous vestibular labyrinth
Otocyst transuterin injection enlargement, but no otoconia formation and no recovery of
(E12.5) Endolymphatic sac balance behavior (rotarod)- Oldest testing point: P35.
(E12.5)
Slc26a4 = mice Otocyst CMV> Slc26a4-EGFP plasmid 143)
transuterin electroporation - Rescued balance behavior (open eld*, circling*, swimming
(E12.5) - Oldest testing point: P30.
Sans USH1G Ushlg = mice RWM AAV2/8-CAG > Sans:IRES:GFP (144)
injection (P2.5) - Robust transduction of VHC and restored morphology of VHC
bundles.
- Restoration of balance behavior (open eld*, circling*,
swimming*, elevated platform, trunk-curl*, contact-rigting) and
vestibular function (angular VOR, OVAR VOR, MOR).
- Oldest testing point: 1 year.
(Continued)
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TABLE 1 | Continued

Protein gene name Animal model Delivery Vector/treatment & therapy outcomes in vestibular References
deafness locus or route (age at delivery) end-organs
disorder
Tmcl; DFNB7/11 Tmc]delta=delta. Ty cpdeltadelta AAV2/Anc80L65-CMV > Tmcl:WPRE (145)
Tmc1Bth/C; DFNA36 mice RWM injection (P0-P2, AAV2/Anc80L65-CMV >Tmc2 :WPRE

P4, P7, P14, P30) AAV2/Anc80L65-CMV >TmclEX1:WPRE

- Neonatal injection of AAV-Tmc2 improves balance behavior
(circling*, rotarod) and rescues vestibular function (rational
VORY?, linear VOR).

- AAV-Tmc1l or Tmc2 both improve rotarod performances.

- Mice injected with SAAV-Tmc1l were better breeders.

- Oldest testing point: P56.

Whirlin (Whrn) USH2D Whirler (Whri#=") mice AAV8-CMV >Whrn (146)
DFNB31 PSCC injection (P4) - Robust Whirlin expression in utricular VHC, at the sterediia
tips.

- Morphological restoration of utricular VHC (stereociliiength).
- Improved balance behavior (open eld, circling, swimming,
rotarod). Improved VSEPs but only for bilateraly injected ©g.
- Oldest testing point: 4 months.

Ototoxicity wt C57BL6 miceC Ad-CMV > Math1.11D 147)
AMG-induced ototoxicity - Restored vestibular epithelium thickness.
Cochleostomy (scala - Preservation of VHC in saccular and utriclar maculae and
tympany) (adult) cristae.

- Improved balance behavior (swimming) and vestibular funicin
(horizontal VOR).
- Oldest testing point: 8 weeks post-injection.

wt C57BL/6 mice C Ad28-GFAP > Atoh1l (148)
IDPN-induced - Restoration of utricular and saccular VHC populations.

vestibulotoxicity RWM - Rescued balance function (rotarod).

injection (adult) - Oldest testing point: 2 months post-injection

wt C57BL/6 mice C Ad5-hCM > Bcl2 (149)
AMG-induced ototoxicity - Preservation of VHC and stereociliary bundles.

PSCC (adult)

wt CD1 mice C Hes5 siRNA (150)
AMG-induced ototoxicity - Increased number of utricular VHC.

PSCC (adult)

Rat C AMG-induced Ad-Math1-EGFP (151)
ototoxicity Scala vestibuli - Regeneration of type | VHC and synaptic formation.

(adult)

Guinea pigsC Ad-hGDNF 152)
AMG-induced ototoxicity - Preservation of utricular VHC and stereociliary bundles.

Cochleostomy (scala
vestibuli) (adult)

*comparable to age-matched unaffected individuals.

AAV, adeno-associated viral vector; Ad, adenoviral vector; AMG, ambglycoside; ASO-29, antisense oligonucleotide blocking the 216A cryptic splicingf Ushlc mRNA;
DFNA, autosomal dominant non-syndromic forms of deafness; DFNBautosomal recessive non-syndromic forms of deafness; Exo-AAV, exosomesaociated AAV; IDPN, 3,3'-
iminodipropionitrile; IP, intra-peritoneal; MOR, macula-oculaerexes; OVAR, vestibular afferent response to off-vertical axis rafan; PSCC, posterior semi-circular canal; RWM, round
window membrane; SC, supporting cells; siRNA, small interfering®A; TM, tympanic membrane; VAR, vestibular afferent response to head rdtan; VHC, vestibular hair cell; VSEP,
vestibular sensory evoked potential; VOR, vestibulo-ocular re exvt, wild-type [Table adapted from Table 1,49)].

defects, and (7) transcriptional regulation. Additionalnge ~ Structural and Functional Defects of the

implicated in vestibular function are indicated ifablel NMechanosensitive Hair Bundles

based on clinical observations, and information from retht The vestibular and auditory hair cells have several anataimic
mouse models [see alsa(3]. The principal representative and functional properties in common, due in particular, to the
examples are described brie y below, highlighting the kelgso presence of a mechanosensitive hair bundle at their apictcair
of the hair bundle (Usher proteins and MET components), ion(rigures 1, 3). Unsurprisingly, therefore, defects of key structural
homeostasis (e.g., cochlin, pendrin), and acellular mem#san and functional proteins of the hair bundle have been found
(e.g., tectorins). to cause both hearing and balance de ci&gure 4 Table J).
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Here, we brie y describe some of these molecular and fumetio precluded the identi cation of a direct causal role of USH2
pathways a ecting the links between stereocilia, the cytesgr, (171, 173.
and the MET machinery. In addition to late-onset and progressive vision and hearing
Extensive studies on the pathophysiology of the Usheloss, some USH3A patients also develop vestibular dysfunction
Syndrome, the major cause of combined vision and hearingith various patterns of onset, progression, and sevefifyd(
loss, have provide valuable insight into the formation andl74). Defects of the USH3A protein, clarin-1, in mice have also
functioning of hair bundles. Five main Usher type | genes havbéeen shown to cause variable vestibular de cits that maniéger
been identi ed, encoding the actin-based motor myosin Vllain life (175. The precise role of clarin-1 in the MET complex and
(USH1B), the PDZ domain-containing submembrane proteinthe origin of the variability of vestibular symptoms remamtie
harmonin (USH1C), the sca old protein sans (USH1G), andestablished1(76 177).
two C&C-dependent adhesion proteins, cadherin-23 (USH1D) Defects in another protein, the phosphatidylinositol
and protocadherin-15 (USH1F)168 159. All the available phosphatase (PTPRQ), has been shown to aect vestibular
USH1 mutant mice faithfully reproduce the profound congenitalfunction di erently in humans and mice. PTPRQ, which is
deafness and bilateral vestibular dysfunction observédiman involved in DFNB84A and DFNA731¢9, is a component
patients, as demonstrated by their typical circling behagiod of the shaft links between stereocilia7). PTPRQ-de cient
the absence of VSEPs in USH1 mice. Studies of these mice, timéce have no overt behavioral signs of vestibular de citst bu
properties of USH1 proteins and their interactions revealed keyletailed analyses have revealed subtle changes in swimming
roles of this network in the hair bundlelfg 159. Together, behavior associated with severe-to-profound macular rexept
cadherin-23 and protocadherin-15 make up the embryoniadysfunction, as con rmed by VSEP responses, and signi cant
lateral USH1 links between stereocilia and the links betweestereociliary bundle defects in the vestibular macula€)( Like
stereocilia and the kinocilium essential to the integritytbe  PTPRQ, other products of key deafness genes are located
early developing hair bundled %8 159. These two cadherins at the base of the stereocilia, where the shaft gradually
also form the upper and lower parts, respectively, of the tip-linknarrows to form a conical taper, serving as the pivot point
(160, the apical link that gates the MET channels. Harmoninfor de ection of the hair bundle upon stimulation. This
and sans are sca old proteins essential for the anchoring ef thincludes myosin VI (MYO6/DFNA22), radixin (RDX), taperin
cadherin links to the stereocilia actin laments. Myosin ¥lis  (TPRN), chloride intracellular channel 5 (CLIC5/DFNB103)
also required for the transport of key hair bundle componentg103 180 181). VHCs of mutant mice lacking any one
(e.g., harmonin and protocadherin-15) into the stereoqilia8- of these proteins display fused, thickened, and elongated
162. stereocilia, accounting for the vestibular phenotype déscti
Usherin/lUSH2A- and Adgvrl/USH2C-de cient mice, which (103 180 181).
have defects of USH2 proteins, have no vestibular de cits, The normal development and maintenance of stereociliary
consistent with clinical observations in most human USH2Aactin laments is the key to hair cell function. Espin
and USH2C patients168 159 163. This suggests that the (ESPN/DFNB36), plastin-1 (PLS1/DFNA76) and fascin-
ankle links, brous links connecting the stereocilia at ithe 2 (FSCN2) are three key actin lament crosslinkers that
base, are probably dispensable for hair bundle function icooperate to produce the composite properties of the actin
VHCs (163-169. Interestingly, whirlin, a PDZ sca old protein paracrystalline cores of the stereocilia8(). Espin is the
similar to harmonin/USH1C, has been associated with DFNB3mnajor actin crosslinker, as mutant mice lacking this protein
isolated hearing lossL66 and Usher syndrome type 20.67). display typical abnormal circling behavior, probably due to
Whirlin is present as two distinct isoforms, the long and shor a reduction of stereocilium diameter and length in both the
variants (WHRN-L and WHRN-S), and it has been shownauditory and vestibular hair celld(3 181). By contrast, PLS1-
that, in addition to contributing to the formation of ankle and FSCN2-de cient mice displayed no overt behavioral traits
links, this protein is a major factor determining the height but the absence of either protein a ected vestibular function
and staircase organization of the stereocili&@®170. Whirlin ~ and stereocilium structure, albeit with a markedly milder
colocalizes and interacts with two other causal proteins fophenotype {81).
deafness, MYO15A (DFNB3) and EPS8 (DFNB102), forming
a tripartite complex that controls actin polymerization and
elongation of the actin core at the tips of the stereociliag-170.  D€fects of Components of the MET
An absence of both whirlin isoforms causes abnormally shorf€hannel Complex
stereocilia and profound deafness and vestibular dysfancti TMC1 and TMC2 have recently been identi ed as the core
(166 171). However, WHRN-S expression is sucient to proteins of the MET channel complex, constituting the long-
maintain stereociliary bundle morphology and function in asought vertebrate MET channel subuniissg-185. The correct
subset of hair cells, resulting in some auditory responses, btargeting of TMC1/2 pore-forming MET channel subunits
no overt vestibular dysfunction1(l, 172. The occurrence to the tips of stereocilia57) and their functional integrity
of vestibular dysfunction in some USH2 patients warrantdnvolve key interactions with several other essential pnste
further investigation. Indeed, defective vestibular resges were (184 185. In addition to the USH1 proteins described
reported in eight of eleven USH2 patients tested in one studgbove, the lipoma HMGIC fusion partner-like 5 (LHFPLS5,
but the lack of a clear genetic diagnosis for these patienso known as TMHS, DFNB67), the transmembrane inner
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ear (TMIE, DFNB6), and the calcium and integrin-binding symptoms in patients and studies in mouse, these structures
family member 2 (CIB2) proteins have been identied asseem clearly important for normal vestibular function.
components of the MET machinery at the tips of the transducingrhe prevalence of otoconium-related balance disorders
stereocilia in auditory and vestibular hair celld86-189. is certainly largely underestimated. The morphology and
Consistently, hair cells de cient for most of these proteinscomposition of otoconia can be altered due to genetic and
present a severe-to-complete loss of MET currents, leadingnvironmental factors, aging, ototoxic drugs, and headiira

to deafness and vestibular dysfunction8g 190 191). Of (201). BPPV and aging are both high-risk factors for an
note, the lack of CIB2 causes profound hearing loss, buibnormal dislocation of otoconia, causing an aberrant or
no signs of vestibular dysfunction have been observEt2{ ectopic distribution of otoconial debris, leading to dizzése
199, probably due to compensatory mechanisms involvingor imbalance.

CIB3 or other members of the same protein famil{88 It is important to understand how otoconia are formed
196. and how their attachment to macular acellular membranes is
maintained if we wish to develop ways of inuencing their
Defective lonic Composition of the regrowth/regeneration for the treatment of abnormalitidhe
Vestibular and Endolymphatic Sac structure and organization of the otoconia dier between

mammals and sh, and even within vertebrates generally.
Mammalian otoconia are unique in being the only calcium
carbonate-containing biomineral found in normal healthy

organs. The barrel-shaped calcitic crystals are partiallyesitiéd

in the underlying gelatinous acellular membrane covering th

neurosensory epithelium in the utricular and saccular maeul

f (seeFigure 3). During head movement, the otoconia, which

have a higher density than the surrounding endolymph, move
relative to the sensory epithelium, leading to a sensing of

Environments

Mutations of SLC26A4cause isolated DFNB4 hearing loss or
a combination of congenital hearing loss, balance, anddialyr
disorders known as Pendred syndrom&9(, 19§. SLC26A4
encodes pendrin, a ClI/HCg®anion exchanger crucial for uid
homeostasis in the inner earl47 199. Studies ofSlc26a4
insu cient or -null mice have reported a clear disruption o
sodium chloride and uid absorption by the epithelial cells of
the endolymphatic sac in these miceSg 199. The impaired either linear acceleration or the gravitational eld (whic

absorption of luminal N&, Cl and water leads to a swelling . o . - . ..
- I is critical for spatial orientation and balance). In additio
of the endolymphatic space, a feature also characteristic of a

. . y serving as a reservoir of ions, the otoconia may be
group of human inner ear malformations known as enlargemen . . . .
: . .2~ Involved in maintaining the homeostasis of the utriculardan
of vestibular aqueduct (EVA) disorders, and observed inicdil . -
A= - accular endolymph, and the spatial and temporal gradients
contexts such as Meniere's disease, experimental endolyrophall

hydrops, and space motion sicknes. While the etiolo of calcium and other ions around the apical mechanosensitive
yarops, SP - N 29" hair bundles. Electrophysiological and behavioral studiageh
of abovementioned clinical entities is di erent, and the psec

pathogenic link between the endolymphatic sac and inner easfhOWn that the density of the crystals aects the magnitude

dysfunction is unknown, alterations to pH, ionic composition of stimulus input to the sensory hair cells and that signi cant

size, or the osmotic pressure of endolymph might constitut(%zzggﬁallge (c;tysstal mass or location invariably leads to

a common pathogenic pathway. Knock-in mouse models aré Multiple, diverse pathways act in concert to ensure the
being developed for studies of uctuating EVA phenotypes, and Pi€, P y

. . . normal biogenesis and maintenance of the otoconia. These
to improve the management of patients wiBL.C26A4defects. . . : .
. athways include various channel/pump proteins, enzymatic and
A panel of behavioral tests was recently used to docume

vestibular dysfunction inSlc26a°P9°%P mutant mice @00). tra cking processes [see Table 1 i¢3]. These components

. ) . . are widely distributed in the inner ear, including the hair
These mice harbor a missense mutation (S408F) resulting In lis sup)};orting cells, transitory epithelium darﬁ cells and

g;‘gg:‘m"g”:ﬁ‘gr\gﬁ’sﬂ'gjﬁ{r gg;;\:?r’ ‘Tj'rf:'iii’]e‘r’aer;‘s’ifie"gfﬁs pithelial cells lining vestibular cavities and the endqjratic
. . . N . . _sac. Otoconial crystals have a distinct central core congisfian
mice with severe vestibular dysfunction display a patholdglcaorganic matrix with a lower level of @8, surrounded by largely
displacement of the otoconia into the crista ampullarZ(). inorganic peripheral zones with hig’h €% concentrations
This genetic predisposition for ectopic otoconia provides ahi0conin-90. OCY0. is the main component of otoconEi)b'.
excellent experimental model for studies of the pathophysiplo ' ' '

of and possible treatment for benign paroxysmal positionapC90 Is extremely acidic, favoring the binding of calcium

vertigo (BPPV), a relatively common disorder in which the" calcium carbonate (CaG{p This protein also interacts

. . . . “with and selectively recruits other otoconins (e.g., otdlin
otoconia become detached and lodge in one of the semicircul . . S . 90
N L etuin, osteopontin) to form the initial matrix facilitatip the
canals (canalithiasis) or cupulae (cupulolithiasis).

seeding process2(4. The continuous addition of organic
. . and inorganic components and the fusion of several minute
Formatl_on and Mal_ntenance of the crystallites ensure correct growth({1, 205. The core, periphery
Otoconia and Vestibular Acellular and external surface of the otoconia are interconnectedh it
Structures brous material of various diameters and organizations. One
No mutation of an otoconial component gene has evewf the major components of these bers is otolin (also known
been identied in humans. However, based on clinicalas otolin-1), an inner-ear secreted glycoprotein that propabl
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forms a collagen-like sca old for optimal otoconium formatio vestibular function, to elucidate the underlying mechaigis
(201, 205. features. Naturally arising mutations in more than 340 gene
The otoconial crystals are anchored to the sensory epithelizave been reported to cause inner ear malformation or
by the otoconial membrane, a honeycomb-like structuredysfunction in mice [Table S2 in9¢)], but these genes only
composed of collagenous proteins, such as otolin, and norpartially overlap with the more than 200 genes identied in
collagenous glycoproteins, including otogeli0§ 207, humans. Ongoing programs, such as the International Mouse
otogelin-like, a-tectorin, b-tectorin (208, and otoancorin Phenotyping Consortium (IMPC), aiming to produce null
(209. Otogelin is required for the anchoring of the otoconial alleles by deleting an early critical exon in each mouse gene
membrane and cupula to the corresponding sensory epithelig214 215, will signi cantly increase the number of mutant
Otogelin-mutant mice have displaced acellular matrices andhice with hearing and balance/vestibular de cits avaiabl
severe vestibular de cits2((. Mice lackinga-tectorin have (216-219. By early 2021, 9,719 knockout mice had been
few otoconial membranes, with fewer and larger otoconiagenerated, 7,455 of which had been phenotyped through
but no obvious vestibular behavioral de cits2@@. By the IMPC comprehensive phenotyping pipeline including
contrast, no structural or behavioral defects have yet beeimnner ear measurements2{4, These mice are available to
identied in mice lacking either b-tectorin or otoancorin investigators worldwide (http://www.mousephenotype.org/)
(208 211). Mutations of the genes encoding OTOG (otogelin,(215. More thorough studies of these models, with dedicated
DFNB18B), OTOGL (otogelin-like, DFNB84B), and TECTAexperimental tools for vestibular evaluations, should imgrov
(a-tectorin, DFNAB8/12, DFNB21) have been associatedur understanding of the properties and singularities of
with hearing loss in humans, with occasional reports ofvestibular organs.
vestibular hypore exia or vertigo in patients with OTOG or

TECTA defects. REHABILITATION AND TREATMENT

The development of otoconial biocrystals is regulated b)é
various factors creating an appropriate environment for nokma TRATEGIES FOR VESTIBULAR
crystal seeding and growth, with correct concentrations oDISORDERS
calcium, carbonate, and hydrogen ions in the endolymph above
the utricular and saccular maculae. Severe otoconium spsse Despite this high degree of medical need, as it was discussed
complete absence of otoconia and otoconial abnormalitie® ha in the introduction, the management of patients with vertigo
been reported in mutant mice with an aberrant endolymph ionic@nd dizziness still suers from a lack of diagnostic tools
composition (i.e., C&, HC, HCO;, and N&, K€, Cl ') (201, to guide therapeutic management and a lack of e ective
202, 209. The list of key players required for the maintenancetreatments. Current treatments for vestibular diseases are
of crystal structure and the prevention of crystal degerierat festricted to pharmacological treatments, rehabilitatiand
include: (i) PMCA2, the plasma membrane EaATPase 2 surgery protocols. All aim to alleviate acute vestibulargioms,
(ATP2B2) pump, the main source of &aions for the formation ~€nhhance compensation, protect against symptoms aggravation,
and maintenance of otoconial crystals; (i) the GHCO, and promote vestibular rehabilitation. Innovative solutwith
transporter pendrin, which secretes the bicarbonate regufioe ~ Promising applications, such as vestibular implants and gene
CaCQ formation and ensures a normal pH by regulating thetherapy approaches, are being tested in clinical trials.
levels of HCQ and/or Cl ions; (iii) the alpha2 deltag>d;)- )
like ancillary subunit, which modulates Cav3 T-type CACHD1Pharmacological Treatments
channels by modulating voltage-gated calcium channels; thPharmacological approaches are frequently considered in the
subunit contributes to the establishment of appropriate eatci management of vestibular disorders. However, for most,
concentrations in regions of otoconia formatior21(9); (iv) the molecular basis of action remains unknown, e cacy is
OTOP1, a multiple transmembrane (TM) protein that hasinsu cient or even absent, and many anti-vertigo treatment
been shown to regulate protein secretion and cellular calciurhave signi cant side e ects. In the vestibular end organs, the
levels in vestibular supporting cell®@1(3; (v) the membrane- drugs acting on the vestibular apparatus have diverse cellular
bound enzymes NADPH oxidases (Noxs), NADPH oxidase argets, including the homeostasis of liquids and electeslyn
(Nox3), and associated proteins (p22, NOXO1), which produc#he inner ear, the regulation of blood ow, cell homeostasisl a
reactive oxygen species, and contribute to calcium siggalinsurvival, and sensory processes related to vestibulamieton
and (vi) zinc transporter 4 (SLC30A4), which is required for ow. In the vestibular nuclei, drugs act on homeostasis aatl ¢
the normal expression of carbonic anhydrase (CA), which helpsurvival, neurotransmitter receptors and ion channel meadiain
to maintain appropriate HCQ concentrations and pHZ01,  (219. For an in-depth review on the mechanism of action of the
209. drugs used to treat vestibular disorde?s.g 220).

Additional studies are required to determine the precise
mechanisms involving these proteins and to identify othey ke Rehabilitation Treatment
actors in disorders involving otoconia, otoconial membean Damage to the vestibular endorgans induces dea erentation
and/or vestibular epithelia-related disorders. Howeverpf vestibular nucleus leading to a strong disorganization of
more specic, and appropriate clinical and experimentalthe vestibular system. In the acute stage, such disturbances
tools are required for thorough, in-depth evaluations ofinduce both static and dynamic vestibular de cits, causing
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postural, perceptual and oculomotor syndromes. Followingvith a vestibular multichannel electrode associated wispecial
vestibular damage, a spontaneous process, referred to aslceninterface coupling a motion sensor for capturing the signals
compensation, allows substantial restoration of posture anffom a three-axis gyroscope (LYPR540AH; ST Microelectronics;
balance in patients. It refers to all process by which the braiGeneva, Switzerland) with the modulation of baseline eieadt
adapts to changes in inner ear vestibular organs functiore Thactivity. Using this prototype, they showed that the vestipul

e ectiveness of this process is highly case-dependent and itsplant could restore the VOR both at mid280 and high-
precise cellular and molecular mechanisms remain partiallfrequency angular acceleratio?31) (rotation test and head
understood so far 421-224). What we know is that the impulse test). They also showed that the implant could e ectively
central compensation mechanisms lead to the reorganizatiosuppress oscillopsia, one of the most frequent complaints in
of the neuronal pathways and to the restoration of thepatients £32).

activity in the ipsilateral and contralateral vestibular ctei. Another group from Johns Hopkins has worked on a
Electrophysiological and behavioral investigation in aaim promising standalone multichannel vestibular implant not
models suggest that the compensation of the statis oculaombined with a cochlearimplant. This device consists of agthre
motor and postural de cit results on the fast restoration of aaxis motion sensor, worn on the head, to record angular head
balanced spontaneous resting activity in vestibular nuokei velocity. It transmits the information, in the form of a mothtion
both sides (through inhibition and facilitation mechanisinThe  of the pulse rate and amplitude of stimulation, through the
dynamic symptoms however require that the brain developpeslectrodes implanted in each semicircular cagalj. This group
new operating modes through dierent processes: synaptievas the rst to propose a method for vestibular stimulation
remodeling, sensory substitution, or behavioral subsitiu  24-h-per-day, 7 days per week, preventing episodes of vertigo
Dynamic symptoms improve more slowly and may nevemwhen the device is turned ON or OFF and allowing for use of
fully compensate. Vestibular rehabilitation is a physiodmr the device outside the laboratory setting. Longitudindlofw-
program that accelerate compensation phenomena that amgp at 6 months and 1 year after the unilateral implantation
e ective but slow and helps to correct inappropriate balanceof a vestibular prosthesis for bilateral vestibular hypotiorc
strategies. It is designed to promote vestibular compensatiorevealed improvements over baseline for measurementsmglat
through adaptation, substitution, and habituatioR25-227). to posture, gait, and quality of life, but hearing loss in thewith
Rehabilitation is often proposed in cases of acute unilaterdhe implantin all but one participant{34).

vestibular de cits, inappropriate spontaneous compensation, o In parallel, Rubinstein et al. investigated a fundamentally

bilateral vestibular loss. di erent category of patients, using vestibular implants to
treat patients with Meniere's disease. They designed their
Surgery and Vestibular Implants device to function as a “vestibular pacemaker’ to treat

For patients with persistent de ned vertigo symptoms afterMeniere's disease attack83Q. Unfortunately, although the
the exhaustion of pharmaceutical and other conservativeestibular stimulator successfully encoded vestibul@rmation
treatment options su ering a severely impaired quality of life,in Meniere's patients, it also led to a loss of hearing and baktt
surgical procedures are often the only remaining altermativ function in the ear with the implant, which is a frequent side
Function-preserving and destructive surgical procedurey mae ect of vestibular implantation regardless of the technicurel
be performed, with or without hearing preservation. Howeverdevice used436. In a more recent paper, they discussed results
there is heated debate among ENT specialists as to whethefrtheir second-generation vestibular implant and they ssied
such surgery should be performed. All the available surgicdhat the etiology of vestibular loss could have a profound inipac
procedures and their possible indications have been sumemriz on sensitivity of vestibular a erents as opposed to cochlear
in (229. aerents and that this could impact the feasibility of e ective

Apart from these traditional surgical procedures, approachegestibular prosthetic device8%7).
using electrical stimulation of the vestibule for restgrin  In addition to these prototypes, designed to stimulate the
vestibular function have been developed. Currently, tweemicircular canals, other e orts have been made to develop an
technically di erent approaches for vestibularimplants haeeib  implant for direct otolith stimulation £39.
developed: vestibular co-stimulation with a cochlear implan
(combined cochleo vestibular implant) or a stand-alone impla . .
designed for intralabyrinthine stimulation in patients Wit The _Prom'se Of_Gene Therapy for Treating
bilateral vestibular loss but without profound sensoringiur Vestibular De cits
hearing loss. The abovementioned rehabilitation treatments help to\adlee

The rst vestibular implantation in humans was performed by balance de cits and related symptoms, but curative treatrsent
the Maastricht-Geneva group in 2007, with a device derivehf for vestibular disorders are lacking. The momentum gained
a cochlear implant and the placing of a single vestibular edéletr in gene therapies over the last decade has spurred on the
on the posterior ampullary nerve2p9. A new cochlear- development of many applications in sensory organs. The inner
vestibular implant prototype was developed a few years fater ear, with its easy access, self-contained compartments, and

immune-privileged status, is suitable for multiscale fuocal

3Available online at:  https://patentscope.wipo.int/search/etd.jsf?docld= and behavioral evaluations of disease progression and bizhe c
W02014118094. outcomes of treatment. The rst applications of gene therapy
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focused on gene replacement (or gene supplementation) theragyi9, 24Q 243. Splice-switching antisense oligonucleotides
in which a healthy copy of a defective gene is introduced intdASO) have been successfully used to target the USH1C
cells bearing the mutation. These studies essentiallyetedg messenger RNA (mRNA) transcribed in mice homozygous for
key deafness genes small enough to be delivered with adertbe Ushlc ¢.216G A mutation (135 137. Recent studies
associated virus (AAV) vectors (maximum capacity of 4.7 klafo include direct assessments of vestibular function based on
single AAV) (49, 89, 233-2417) (seeTable ). In recent years, new vestibular sensory evoked potentials (VSEPS). VSEP responses
generations of AAVs with higher transduction rates for inmar are totally absent in untreated mice and were restored to
hair cells have been testetl3Q 141, 14§ 24Q 242. Below, we near-normal levels after injection of the oligonucleotidgo
detail some key attempts at cell-speci c delivery for hearind a neonatal mice. More detailed explorations have shown that
vestibular disorders. ASO-29 delivery to the inner ear improves cochlear hair-cell
Several recent studies have published promising resulthéor t transduction currents, restores vestibular a erent irréity,
use of gene therapy to restore auditory and vestibular famcti spontaneous ring rate, and sensitivity to head rotation,
in mouse models of Usher syndrom&59. Three of the mutant and successfully restores hearing thresholds and balance-
mice modeling Usher syndrome and displaying signi cantrelated behaviors in USH1C micel35 137). Treatment at
vestibular dysfunction have defects of genes small enonight P5 and P15 was minimally e ective at rescuing vestibular
into a single AAV: harmonin, sans, and whirlii%9. In Ushlc function, but vestibular recovery was nevertheless suntito
knock-in mutant mice, Pan et al. showed that a single injectib  support normal balance-related behaviors, suggesting pesitiv
AAV2/Anc80L65-CMV-Ushlda the round window membrane therapeutic e ects on balancel§5 137). Additional studies
in neonatal animals (PO-P1) resulted inameanrescue ofeydi are underway to determine the best delivery approach to the
thresholds to within 20 dB of wild-type values for low-to mid- inner ear, the optimal therapeutic window that enables the bes
frequency hearing, whereas high-frequency hearing tloleish  bene cial outcomes, and stability of hearing and/or balanc
remained high {39. In a similar approach, a single injection recovery overtime.
of AAV8-Ushlgn Ushlgmutant mice totally restored vestibular ~ The recent advent of gene-editing techniques has paved the
function, as demonstrated by the restoration of VOR respenseway for the development of gene therapy for rare diseases. Gene
and a decrease in circling behavidrd@. Focusing on whirlin, editing provides opportunities to obtain long-term therapeuti
defects of which cause isolated hearing loss, and USH2D0g Isgbene ts regardless of the size of the gene or the nature of the
et al. showed that AAV8-CM\WA/hrn, delivered via the posterior mutation. This new strategy has already been tested and has
semicircular canal, successfully restored the morpholofy ielded promising auditory outcomes for approaches targeting
stereociliary bundles and increased hair cell survival athb the TMC gene encoding the MET channel. AAV(Anc80L65)-
the treated cochlea and utricle B¥hrn"= mice (146. AAV-  mediated delivery of the SaCas9-KKH-gRNA complex e ciently
mediated whirlin expression was found to increase the lengtprevented deafness Bth mice for up to 1-year post injection
of the stereocilia in utricular hair cells and in the cochlea (244). DPOAE thresholds in injected Tmc1Bth mice revealed
inner hair cells, and to promote hair cell survival in treatedthe preservation of OHC function at lower frequencies (5—
Whrn" mice (146. Hearing recovery was only partial, with 11 kHz) at 12 weeks of age, and up to 24 weeks of age in the
ABR thresholds at 60—70 dB SPL in some treated mutant miceyrviving animals. In treated mice, the hair bundles of deah
but vestibular function improved signi cantly, as demorstted OHCs and IHCs (in the 8 and 16 kHz regions) and VHCs
by a decrease in circling behavior and improvements in theecovered a normal morphology after treatment, with minimal
performance of the animal in rotarod and swim tests. Thehair-cell loss. With steady progress and the improvement nége
posterior semicircular canal delivery approach resulted itlbe editing tools (new generations of CRISPR/Cas nucleases, base
auditory and vestibular recovery than delivery via the deah and prime editors) 49, 243 245 246, we anticipate increasing
round window, probably due to a higher hair-cell transductio interest in the study of balance de cits in mouse models of
e ciency following injection into the endolymphatic spacé46. vestibular dysfunction.
Other AAVs have been tested for improving viral transduction
in the inner ear. They include exosome-associated AAVs-(ex . .
AAV1, and exo-AAV9), which were used in a mutant mouse?rhe Inner E’?’tl’ Organ0|ds for 3D_M0_de“ng
defective forLHFPL5,a key component of the MET machinery Of Human Disorders and Therapeutic
(147). Following the injection of exo-AAV1-CBAhfpIS into  Applications
the inner ears of P1-PRhfpl5 knockout mice, partial hearing Attempts have been made to reactivate hair-cell regeneratio
recovery was observed (improvements of up to 30 dB SPL at the inner ear, through Atohl overexpressiofil), or the
frequencies of 4-22 kHz). Vestibular function also improwed transplantation of human induced pluripotent stem cell (hiPSC)
the Lhfpl5knockout mice, as shown by a decrease in head tossingells £47). The recent progress in hiPSC derived organoids make
and circling behaviorsl(41). it possible to obtain 3D-models of human organ development
However, the limited packaging capacity of AAVs4.7kb and study the disease in human relevant cellular and genomic
for a single AAV) limits the expansion of this delivery contexts 48-251). Despite some limitations to obtain mature
approach to many deafness-balance causal genes. Alternatoaehlear tissues, current protocols can be used to obtain type
approaches involving dual AAVs, or RNA-based therapies$ or type Il hair cells in 3D-inner ear organoids249 251,
have also been explored to overcome this AAV limitation252. Further studies are needed to identify key pathways
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for optimal control of cell dierentiation into supporting These animal models are available to researchers worldwide.
cells, neurons and/or hair cells according to downstreanThey allow a full evaluation of the function of all ve
applications. Scalable hiPSC-based platforms can be designes$tibular endorgans, through the use of a battery of di erent
to ensure a reliable source of cells for transplantation andhethods, guaranteeing a high quality of vestibular testing
cell therapy. Also, by modeling speci ¢ hearing and vestibulacombined with morphomolecular investigations to ensure
disorders, inner ear organoids can allow the establishnaént the correct interpretation of the scientic results. These
clear molecular and cellular phenotypic features, which camodels should improve our understanding of the properties
be used as read-outs to test potential bene cial outcomes @nd singular features of vestibular disorders, and provide
regenerative or neuroprotective drugs to hearing and/oebeé further insight into the evolution, development, physiology
de cits. In this quest of curative treatments for hearingddor  and behavior of the vestibular system. These discoveris wi
balance disorders, combined information based on animal analso help guide patient management and the search for
human cellular models will likely help improve the potential possible treatments, through studies of the time window for
bene cial outcomes of treatment in preclinical models, prior t e ective treatment, possible injection routes, and longater
clinical trials. treatment stability.
Gene therapy tools have progressed considerably [improved
AAVs, new delivery strategies, emerging gene editing tools;
CONCLUSION see {9 89 233-2417)] and there is an urgent need for their
clinical application to hearing and balance disorders. Coasist
Clinical surveys worldwide clearly show that vestibulawith the considerable phylogenetic gap between vestibuldr an
dysfunction is more prevalent than previously thought. Thiscochlear organs, the intermediate step toward successfug g
growing awareness of the importance of the vestibular systetherapies for the inner ear is now being achieved, at least in
is timely and is driving e orts to dissect and understand thepreclinical animal models presenting balance de cits. Thanks
multiple contributions of the vestibular system. With cunte to recent progress in viral design, most currently available
clinical tests for balance de cits, it is easy to perform a ptete  AAVs can mediate high and robust transduction rates of the
vestibular assessment in clinical practice, even in infant®/HCs in all vestibular compartmentsl89 144 146 24Q 25§
Vestibular testing should always be proposed if hearing los&57), ensuring the e cient delivery of therapeutic agents to
is discovered. However, current clinical tests can detedy o vestibular target cells. As described above, in almosteakeg
gross vestibular behavioral defects, and it remains ahgilhg  therapy studies carried out in deaf mouse mutants displaying
to detect subtle changes in vestibular function and to iifgnt vestibular de cits, normal balance function was succdbsfu
the precise source of the vestibular de cits experienced bgchieved, whereas outcomes for hearing were much more
patients, in the otolithic organs, cristae, or beyond, in $pec variable ¢9). E orts are being made to improve the existing
neuron subsets of the central vestibular system. More seasit vectors and to identify new vectors providing better control
clinical tests and better software programs for data intetgtien  and higher rates of auditory hair cell transduction, espegiall
are required for accurate determinations of the extent andor the outer hair cells (highly specialized cells unique to
severity of the balance de cits detected. Various machinenammals). Restoration of the unique properties of the OHCs,
learning algorithms are now being implemented for image-such as somatic electromotility or the well-organized shape
based analysis and clinical diagnosis, to predict the presenand staircase pattern of stereocilia, and high-frequenayrihg,
of peripheral vestibular dysfunction from posturographyremains challenging. In the quest for 3D organoids for inner
parameters 453 254. In this context, the development ear organs, it remains dicult to obtain cochlear tissues,
of new arti cial intelligence (Al) tools will be required, to but major progress has been made toward reproducing the
disentangle the intricate contributions of the vestibulaisual, ontogeny of balance organs and production of vestibulag-lik
and somatosensory systems, to facilitate the processing ahdir cells. For these reasons, the vestibular system pmvide
integration of inputs and parameters from multiple sensorymore opportunities for disentangling the signaling pathways
modalities £595. These tools may also have applicationdor mammalian hair-cell regeneration, setting the stagetfar
extending to the identication of clinical endophenotypes,implementation of treatment solutions for restoring normal
facilitating the precise and accurate de nition and classition  balance. Gene therapies for balance de cits are now actessib
of vestibular disorders, improving disease proling and theand we expect an increasing number of successful proof of
prediction of disease progression, and guiding decisionaitaboconcept studies in animal models with balance de cits. Such
the type or utility of potential treatments. studies can include research for possible combined tissde an
Animal models presenting specic balance defects wilengineering therapies, coupling the use of gene therapy with
continue to be instrumental in attempts to re ne existing t®s current prosthetic devices (hearing aids, cochlear andtudar
or to develop new exploratory paradigms adapting tests to thenplants). Today's e orts to implement and improve these
source of the de cit. In addition to the existing mouse modelstherapeutic interventions in animal models will better prepar
corresponding to most of the human deafness causal gen#weir possible transfer into clinics and/or help implement
identi ed to date @9, 50), the development of many new models rehabilitation and physical therapies for alleviating hegrand
is anticipated, through ongoing international collaboxegi balance symptoms. The path is clear, but success can only be
programs [see 132 217); http://www.mousephenotype.org/]. achieved through coordinated actions by scientists acraasym
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elds (Al, physics, virology, chemistry, immunology, moldar

and cell biology, and physiology), along with joint e orts Wit
Al researchers, engineers, audiologists, clinicians dinalctors

in the hearing and balance elds.
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